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The relationships of pregnancy and melanoma have
been debatable. Our aim was to assess the influence of
gestation on the course of melanoma in a classic mu-
rine model of tumor progression and in women. B16
mouse melanoma cells were injected in nonpregnant
or pregnant mice on day 5 of gestation. Animals were
evaluated for tumor progression, metastases, and sur-
vival. Tumor sections were analyzed for lymphatic
and blood vessel number and relative surface and
expression of angiogenic growth factors. Finally, pri-
mary melanomas from pregnant and nonpregnant
women, matched for age and tumor thickness, were
also considered. Tumor growth, metastasis, and mor-
tality were increased in B16-injected pregnant mice.
Tumors displayed an increase in intratumoral lymph-

angiogenesis during gestation. This increased lym-
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phatic angiogenesis was not observed in normal skin
during gestation, showing its specificity to the tumor.
An analysis of melanoma from pregnant and matched
nonpregnant women showed a similar increase in
lymphatic vessels. Tumors from pregnant mice had
increased expression of vascular endothelial growth
factor A at the RNA and protein levels. The increased
vascular endothelial growth factor A production by
melanoma cells could be reproduced in culture using
pregnant mouse serum. In conclusion, pregnancy re-
sults in increased lymphangiogenesis and subsequent
metastasis. Caution should be applied in the man-
agement of patients with advanced-stage melanoma
during gestation. (Am J Pathol 2011, 178:1870–1880; DOI:

10.1016/j.ajpath.2010.12.044)

The incidence of melanoma has been increasing sharply,
by approximately 10% a year, in the last decades, result-
ing in increases of 619% in annual diagnoses of cutane-
ous melanoma and 165% in annual mortality from 1950 to
2000.1 Of all cancers in the United States, cutaneous
melanoma is the most common among women aged 20
to 29 years.1 Because this tumor develops in women of
childbearing age, the incidence increase previously de-
scribed is expected to lead to a parallel increase in
melanomas during gestation. Classically, melanoma af-
fected 2.8 to 5 per 100,000 pregnant women,2 account-
ing for approximately eight percent of all malignant neo-
plasms diagnosed during gestation,3 after cervical and
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breast cancer.4 However, a recent large survey5 from
Norway found melanoma as the most frequent neoplasia
associated with pregnancy.

The influence of pregnancy on melanoma has been
debatable. Pregnancy was initially suspected to
worsen the natural course of melanoma,6,7 with shorter
disease-free survival intervals.8 However, later stud-
ies9 –11 did not confirm these findings, at least in early-
stage melanoma after careful adjustment of patient
outcome on melanoma thickness, Breslow index, a ma-
jor prognostic factor. However, several of these same
studies10,11 found that tumor thickness was higher in
melanomas during gestation, therefore suggesting an
influence of gestation.

In various maternal tumors during pregnancy, fetal
chimeric cells may participate in the tumor stroma and
contribute to tumor angiogenesis.12–14 Given the grow-
ing incidence of melanoma in pregnancy and the past
controversy on its effect on prognosis, we aimed to de-
termine the influence of gestation on the evolution of
maternal melanoma, with a special focus on tumor angio-
genesis and lymphangiogenesis. We chose the classic
murine B16 model of melanoma metastasis for our study
and confirmed our findings in a clinical setting on patients
affected with melanoma during and outside gestation.
Our results indicate that melanomas during gestation
have an increased level of lymphangiogenesis and vas-
cular endothelial growth factor (VEGF) A, possibly ex-
plaining the observed increase in metastasis, prolifera-
tion, and mortality.

Materials and Methods

Patients

Pathology records from different hospitals in France were
retrospectively reviewed in accordance with local com-
mittee and European Union ethical regulations for pa-
tient’s information and consent during biomedical re-
search. Women with malignant melanoma or benign nevi
were identified and included if the primary tumor had
been excised during pregnancy between 1996 and 2008.
Histological and clinical parameters, such as Breslow
index (tumor thickness), Clark’s level, and the presence
of ulceration, were obtained. A control group was estab-
lished; this group was composed of nonpregnant control
patients with melanoma, matched for sex, age (�2
years), Breslow index (�0.2 mm), and ulceration status.
Pregnant patients with a 2:1 control/patient ratio were
included.

Mice

Wild-type C57BL/6 female mice (aged 8 weeks) were
bred to syngenic males. All mice were treated in accor-
dance with the institutional guidelines for the care of
experimental animals.

For tumor implantation, 1 million B16-BL6-F10 cells
(B16, provided by Dr O. Lanz, Curie Institute, Paris,
France) were inoculated intradermally in the right flanks

of all females after 5 days of mating, without knowing the
pregnancy status leading to pregnant and nonpregnant
mice with tumors.

Similar experiments were performed on a DBA2 back-
ground using the S91 murine melanoma cell line (Amer-
ican Type Culture Collection: CCL 53-1). Tumor cell in-
oculations were performed 10 days before the mating,
given the slower progression rate of this tumor cell line.

Both cell lines were tested according to ATCC guide-
lines, verifying their morphological features, proliferation
rate, pigmentation, and engraftment in the appropriate
mouse strain to ascertain origin.

Tumor Evaluation

Tumor growth was followed by a digital caliper. Tumor
volume (V) was calculated as follows: V � ab2�/6, where
a is the longest and b is the shortest of two perpendicular
diameters. On day 16 after inoculation, all mice were
sacrificed. Pregnancy status was confirmed during
sacrifice. Tumors were collected and immediately fro-
zen at �80°C. The presence of metastases was sys-
tematically evaluated in homolateral and contralateral
inguinal and axillary lymph nodes, abdominal lymph
nodes, and internal organs, such as the spleen, liver,
and lung (macroscopically).

18-Fluorodeoxyglucose Positron Emission
Tomography

In vivo imaging was performed on day 16 after inoculation
of tumor cells. After a fasting period of 12 hours, mice
were injected i.v. with 6 to 8 MBq of FDG and underwent
imaging an hour later, with an exposure time of 15 min-
utes under general anesthesia by isoflurane inhalation on
a heating plate, maintaining body temperature at 37°C.
Data were analyzed using software (PETView, Philips
Medical Systems, Bothell, WA) and interpreted blindly
to the pregnancy status by a positron emission tomog-
raphy (PET) imaging specialist (C.M.). Tumor volumes
and intratumoral necrosis were measured on tumor
transverse section images, and the percentage of ne-
crotic tissue was calculated. Necrosis was defined as
areas inside the tumor that did not uptake FDG. The
presence or absence of metastasis was assessed on
each image and immediately confirmed after dissec-
tion. Tumors of 3 mm or larger were easily seen on FDG
PET images.

Delayed Hypersensitivity Induction

Oxazolone (Sigma-Aldrich, St Louis, MO) was used to
induce delayed hypersensitivity reactions, as previously
described.15,16 Briefly, on day 10 after mating, pregnant
females were shaved and sensitized by a unique topical
application on the abdomen of 50 �l of oxazolone, two
percent solution, in acetone–olive oil (4:1, vol/vol). Six
days after sensitization, the right ears were challenged
with 10 �l of oxazolone, two percent solution, in the same

vehicle, whereas the left ears were painted with vehicle



1872 Khosrotehrani et al
AJP April 2011, Vol. 178, No. 4
alone. The right ears were rechallenged once per day for
3 days.

Assessment of Inflammation

For each mouse, ear thickness (right and left) was as-
sessed daily during the ear challenge and before sacri-
fice using a dial caliper (precision, 0.01 mm) (Mitutoyo,
Kanagawa, Japan). In addition, a semiquantitative micro-
scopic assessment (standard H&E staining) of the level
of skin inflammation was performed blindly. This assess-
ment evaluated the degree of the edema, the inflamma-
tory cell infiltration, and the epidermal lesions; each item
was graded from absent to strong (score, 0 to 3).

In Vivo Laser Doppler Perfusion Imaging

To provide functional evidence for inflammation and ges-
tation-induced changes in skin vascularization, laser
Doppler perfusion imaging experiments were performed
on both ears, as previously described.14 Numeric data
and images were collected on day 20 after mating (1 day
after the last oxazolone application and before sacrifice),
under general anesthesia by ketamine-xylazine injection.
Mice were placed on a heating plate at 37°C to minimize
temperature variation. To account for variables, including
ambient light and temperature, calculated perfusion was
expressed in arbitrary units and was compared between
pregnant and nonpregnant animals on inflamed and non-
inflamed ear skin.

Immunostaining

Immunofluorescence staining was performed on human
and animal sections, as described. Briefly, after permeabi-
lization (Triton X-100), sections were blocked using 20% nor-
mal goat serum (DakoCytomation; Dako, Trappes, France).
The primary antibodies used were the monoclonal mouse
anti-human CD34 (1:40; DakoCytomation), the rabbit
polyclonal antibody anti-mouse Lyve-1 (1:800; Abcam,
Cambridge Science Park, UK), the rabbit anti-Prox1 (An-
gioBio, DelMar, CA), and purified anti-mouse CD31/P en-
dothelial cell adhesion model 1 (1:40; BD Pharmingen,
San Jose, CA). The secondary antibodies were the goat
anti-rabbit IgG labeled with fluorescein isothiocyanate,
goat anti-rabbit IgG labeled with Texas Red, goat anti-rat
IgG labeled with Texas Red (1:100; Jackson Immunore-
search, West Grove, PA), and goat anti-mouse IgG la-
beled with Texas Red (1:100; Jackson Immunoresearch).
Nuclei were counterstained with 0.3 �g/mL DAPI. Slides
were then observed under a fluorescence microscope
(Leica, Deerfield, IL) with a digital camera (QImaging;
Media Cybernetics, Silver Spring, MD). Immunoperoxi-
dase staining for anti–D2-40 (1:10; Biovalley, Marne-La-
Vallée, France) was performed on human paraffin-em-
bedded sections using a system (Envision � Dual Link

Peroxidase system; DakoCytomation).
Morphometric Analysis of Vessel Density

Paraffin-embedded sections of human melanoma were
immunostained for D2-40 or CD34. Frozen sections of
B16-BL6 melanomas from pregnant and nonpregnant
mice were double stained for Lyve-1 and CD31. To ac-
count for the variability of the staining procedure, cases
and matched controls were always stained and analyzed
on the same day. Sections were then examined with a
fluorescent microscope (Leica), and digital images were
captured using a digital camera (SPOT; Media Cybernet-
ics, Silver Spring, MD). For each tumor section, three
fields within and three fields surrounding the tumor with
the highest vascular density (hot spots) were evaluated at
�100 magnification. The peritumoral region was defined
within an area of 100 �m from the tumor borders that
were determined on serial sections using DAPI and H&E
stains.

Morphometric analyses of lymphatic and blood ves-
sels were performed using computer-assisted morpho-
metric vessel analysis software (Mercator; Explora Nova,
LaRochelle, France) to determine the number of vessels
per millimeter squared, the average size of vessels, and
the relative area occupied by vessels, as previously de-
scribed.17 This analysis was performed blinded to preg-
nancy status.

Real-Time Quantitative RT-PCR

Total RNA was extracted from tumors using a mini kit
(RNeasy; Qiagen, Courtaboeuf, France), according to the
manufacturer’s instructions. cDNA was synthesized from
the purified RNA using a high-capacity cDNA archive kit
(Applied Biosystems, Courtaboeuf, France). Real-time
quantitative RT-PCR was performed on a system (ABI
PRISM 7300 Sequence Detection System; Applied Bio-
systems) using SYBR Green PCR master mix (Applied
Biosystems). The PCR reaction was performed in a 25-�l
volume containing 2.5 �l of cDNA, �1 SYBR Green PCR
master mix, and 800 nmol/L of the forward and reverse
primers. Primers were synthesized according to the
method of Thijssen et al.18 The PCR profile was as fol-
lows: 10 minutes at 95°C, followed by 40 cycles of 15
seconds at 95°C, and 1 minute at 60°C. After PCR, a
melting curve was constructed by increasing the temper-
ature from 65°C to 95°C, with a transition rate of 0°C/s to
1°C/s to verify the specificity of the desired PCR products
and the absence of primers-dimers. The mean target
gene mRNA expression level was calculated using the
2���CT method for each gene after reporting expression
of �-actin or cyclophilin.

Enzyme-Linked Immunosorbent Assay

Total proteins were extracted from tumors using a kit
(QProteome Mammalian Protein Prep kit; Qiagen). The
VEGF and placenta-like growth factor (PIGF) levels were
also determined using a kit (Quantikine VEGF or PlGF2
ELISA kit, respectively; R&D Systems Europe RD, Minne-
apolis, MN). The VEGF-C levels were quantified using a

detection kit (Bender MedSystems GmbH, Vienna, Aus-
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tria). The VEGF kit specifically measures rodent VEGF164
and VEGF120 variants, although the PlGF2 kit detects
mouse PlGF. The detection limit for both proteins was 15
pg/mL. Concentrations were normalized relative to cellu-
lar protein concentration by Bradford protein assay in
tumor samples.

Statistical Analysis

Categorical variables were compared using Fisher’s ex-
act test. Continuous variables were compared using Stu-
dent’s t-test or analysis of variance. In the absence of
normal distribution, the Mann-Whitney-Wilcoxon test was
used for these comparisons. Kaplan-Mayer analysis
was used for survival comparisons over time. P � 0.05
was considered significant.

Results

Tumor Growth and Metastasis Are Accelerated
during Pregnancy

A million B16 cells were injected intradermally in the right
flanks of 24 pregnant mice on day 5 of mating and in 28
nonpregnant female controls. Tumors developed in all
mice and were measured on days 10 to 16 after injection.
The tumor volume was significantly higher in pregnant
mice on days 10 and 16 (Table 1, Figure 1A).

In addition, on day 16, the tumor volume was calcu-
lated using FDG PET images and was significantly in-
creased in pregnant mice (P � 0.05). On sacrifice, the
tumor weights of pregnant mice appeared higher as well
(nonsignificant) (Table 1). In a separate group of mice,
we observed a significant decrease in survival in preg-
nant mice with melanoma compared with nonpregnant
controls (P � 0.0158) (Figure 1B). On day 21, 14 of 22
mice were dead in the pregnant group compared with 4
of 16 nonpregnant controls.

Next, we used the FDG intake as a marker of living
areas within the tumor as opposed to necrotic areas. By
using FDG PET, the relative volume of necrosis in mela-
nomas in pregnant mice was lower than in nonpregnant
controls, despite their larger volume, suggesting impor-
tant modifications in vascularization (Figure 1, C and D;

Table 1. Characteristics of B16-BL6 Melanomas in Mice

Characteristics Pregnant, n � 24 (CI

Volume (cm3)
Day 10 0.89 (0.30–2.87)
Day 12 1.66 (0.41–4.91)
Day 14 3.59 (0.79–6.81)

Metastases 9
Tumor weight on day 16 (g) 4.00 (0.62–8.78)
FDG PET on day 16

No. 16
Volume (cm3) 4.85 (0.64–8.55)
Necrotic tissue (%) 12.6

Data are given as the mean unless otherwise indicates.
*Statistical analyses were performed using the Student’s t-test.
†Statistical analyses were performed using the Fisher’s exact test.
Table 1; P � 0.065).
The presence of metastasis was analyzed by FDG
PET imaging (Figure 1, E and F) and confirmed on
dissection in all mice. On day 16, 9 (38%) of 24 preg-
nant mice had metastasis, mostly in lymph nodes,
compared with only 2 (7%) of 28 nonpregnant mice
(P � 0.015). Three pregnant mice had multiple metas-
tases to almost all organs; however, in most cases with
metastases, tumors had invaded homolateral inguinal
nodes and had spread to the abdominal cavity via the
iliac lymphatic chains.

Angiogenesis, Lymphangiogenesis, and Cell
Proliferation Are Stimulated in Melanomas
during Gestation

Pregnant (n � 6) and nonpregnant (n � 10) mice with
tumors received bromodeoxyuridine for 3 days before
sacrifice on day 16. The bromodeoxyuridine incorpora-
tion was then examined on an average of 15 tumor sec-
tions for each individual mouse. Melanomas from preg-
nant mice had more bromodeoxyuridine-labeled nuclei
than those from nonpregnant matched controls (50% ver-
sus 38%; P � 0.04).

The B16 melanoma sections from 23 nonpregnant and
25 pregnant mice were stained with a lymphatic marker
(Lyve-1) and a vascular marker (CD31) (Figure 2). In all
tumors from both groups, we found a ring of lymphatic
vessels immediately surrounding the tumors without any
other type of blood vessel. In the periphery of this ring
(and inside the tumors), CD31� blood vessels were ob-
served. Individual cells stained with Lyve-1 (potential
Lyve-1� macrophages) were rare and were not included
in our surface and density analysis. This staining pattern
was also confirmed using another lymphatic-specific an-
tibody, Prox-1 (see Supplemental Figure S1 at http://ajp.
amjpathol.org). Indeed, on serial sections of B16 tumors,
double staining using CD31 and Lyve-1 or CD31 and
Prox-1 produced close results for surface of area stained
and vessels identified.

Within tumors from pregnant mice, the relative area
stained by Lyve-1–positive lymphatic vessels was much
higher compared with the area from nonpregnant mice
(5.3% versus 1.6%; P � 0.0016) (Figure 2 and Figure 3).
The level of lymphangiogenesis in the peritumoral area

Nonpregnant, n � 28 (CI 95%) P value

0.48 (0.09–1.50) 0.015*
1.22 (0.51–3.45) 0.087*
2.83 (1.16–6.70) 0.141*

2 0.015†

3.86 (1.69–7.07) 0.412*

21
3.53 (1.02–6.72) 0.046*

18.3 0.065*
95%)
was comparable in pregnant and nonpregnant animals.

http://ajp.amjpathol.org
http://ajp.amjpathol.org
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When examining the whole tumor combining intratumoral
and peritumoral areas, there was still a significant increase
in relative area occupied by lymphatic vessels and in the
size of lymphatic vessels during pregnancy (P � 0.029 and
P � 0.049, respectively; Figure 3).

There was also a significant increase in the CD31
vessel numbers during pregnancy in the tumors and the
tumor periphery and an overall increase in CD31� vessel
areas in pregnant mice (Figure 3).

To validate our results, we repeated these experi-
ments using another murine melanoma cell line and

Figure 1. Pregnancy enhances B16 tumor growth, metastasis, and mortality
day 5 of gestation. B: Tumor volume measured at different points. D indica
mean � SE. *P � 0.05; **P � 0.01 (Student’s t-test). C: FDG PET imaging sh
tumor on D16 after injection was calculated based on FDG PET imaging in 1
Student’s t-test. E: Frequency of metastasis of B16-BL6 melanoma on D16. D
nonpregnant (n � 16) compared with pregnant (n � 22) mice by Kaplan-M
genetic background: the S91 nonmetastatic melanoma
cell line in syngeneic DBA2 mice (Figure 4).19 Because
tumor growth in this cell line is much slower, the S91
line had to be injected 10 days before mating. Tumor
size was not significantly increased in the pregnant
group (n � 7) on day 28 after injection compared with
the nonpregnant group (n � 17), possibly as a result of
slow tumor progression in this particular cell line (Fig-
ure 4). We did not analyze metastases and survival in
this line, which has been described as low/nonmeta-
static. By analyzing vascular structures within the tu-
mor, we again found an increase in lymphangiogenesis

B16 melanoma cell line was injected in nonpregnant and pregnant mice on
Volume was also measured using FDG PET on D16. Data are expressed as
ecrotic areas in the tumor. D: The percentage of necrotic volume within the
ant and 20 nonpregnant mice. Data are expressed as mean � SE. P � 0.065,
iven as mean � SE, *P � 0.05, Fischer’s exact test. F: Survival was better in

alysis (P � 0.0158).
. A: The
tes day.
owing n
7 pregn
in the pregnant group for relative surface area (1.1%
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versus 0.2%; P � 0.01; Figure 4) and density of lym-
phatic vessels (299/mm2 versus 54/mm2; P � 0.05).
There was also an increase in the density of CD31�

vessels within the tumor (P � 0.05). Therefore, in two
different cell lines and genetic backgrounds, preg-
nancy induced an increase in lymphangiogenesis in
melanomas.

Lymphangiogenesis Is Increased in Pregnant
Women with Melanoma

Next, we sought to confirm these animal studies in sam-
ples obtained from women with melanoma. We analyzed

Figure 2. Labeling of intratumoral and peritumoral vessels in melanomas in
A: H&E staining of B16 tumors in mice. A layer of vessels (arrow) surround
staining of B16 melanoma for lymphatic marker Lyve-1 (red) and panvascul
tumor periphery. There is a marked increase in intratumoral lymphatics in tu
human primary melanomas. D: H&E-stained section of a human melanoma
lymphatics in the vicinity of the primary tumor (arrows) is increased in
lymphangiogenesis was true in stage II melanomas of pregnant (G) compar
a group of primary melanomas from pregnant compared
with nonpregnant women, matched for age, tumor thick-
ness (Breslow index), and presence or absence of ulcer-
ation (Table 2). We used CD34 as a marker of blood
endothelial cells and D2-40 as a marker of lymphatic
vessels (Figure 2). Computer-assisted morphometric
analysis showed that the number of intratumoral lym-
phatic vessels was significantly increased in melanomas
from pregnant compared with nonpregnant women
[117.4 vessels/mm2 (n � 14) versus 54.8 vessels/mm2

(n � 26); P � 0.02; Table 2, Figure 5]. Furthermore, the
relative intratumoral lymphatic area was two times higher
in melanomas from pregnant women compared with non-
pregnant controls (3.9% versus 1.5%; P � 0.0338). In the

nt and nonpregnant mice and women. A–C: Staining of mouse melanomas.
mor limits (black line, �100 magnification). B and C: Immunofluorescence
er CD31 (green) reveals prominent lymphatic vessel density (arrow) in the
m pregnant (B) compared with nonpregnant (C) animals. D–H: Staining on

w index, 0.35 mm) during pregnancy. E: D2-40 lymphatic staining. Level of
nt (E) compared with nonpregnant matched control (F). This increased
nonpregnant matched control (H) (Breslow index, 1.6 mm).
pregna
s the tu
ar mark
mors fro
(Breslo
periphery of tumors, the number of lymphatic vessels per
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millimeter squared and the relative area of lymphatic
vessels were not higher in melanomas of pregnant
women, despite a trend. In contrast, pregnancy did not
significantly modify the level of blood angiogenesis iden-
tified by CD34 staining.

Normal Skin and Delayed Hypersensitivity
Reaction during Pregnancy Do Not Result in
Increased Blood Flow or Angiogenesis

To assess whether the observed differences in lymphan-
giogenesis were specific to tumors or whether they would
be observed in different situations during gestation, we

Figure 3. The tumor vessel area is increased in mouse B16-BL6 melanoma
blood vessels and Lyve-1 for lymphatic vessels. By using automated morpho
vessels, and ratio of relative area occupied by vessels. Results are expressed
analyzed the influence of gestation on the level of angio-
genesis in maternal skin at steady state or during contact
hypersensitivity. In vivo laser Doppler perfusion imaging
was performed on delayed hypersensitivity inflamed and
control ears of 42 mice (16 pregnant and 26 nonpreg-
nant) to assess changes in blood perfusion induced by
pregnancy and inflammation (see Supplemental Figure
S2 at http://ajp.amjpathol.org). Blood perfusion was in-
creased in inflamed ear skin compared with normal skin
(inflamed/noninflamed skin ratio, 1.31; P � 0.004). There
was no difference observed in relation to gestation: the
ratios of pregnant/nonpregnant perfusion in normal and
inflamed skin were 1.05 and 1.10, respectively (nonsig-
nificant). The level of inflammation was not different be-

regnancy. Quantitative analyses were performed after staining of CD31- for
nalyses, the following parameters were compared: vascular density, size of
� SE. The Student’s t-test was used. *P � 0.05, **P � 0.01, and ***P � 0.001.
during p
tween pregnant and nonpregnant mice, either clinically

http://ajp.amjpathol.org
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or histologically (data not shown). Similarly, morphomet-
ric analysis using CD31 and Lyve-1 on 35 pregnant and
48 nonpregnant mice did not reveal any changes as the
result of pregnancy in normal or inflamed skin. Inflamed
skin had expectedly higher levels of blood and lymphatic
vessel areas (P � 0.001). Altogether, these results sug-
gest that the increased lymphangiogenesis observed
during pregnancy in melanoma is due to angiogenic fac-
tors produced by the tumor and not circulating factors
during pregnancy.

Figure 4. An S91 melanoma cell line–derived tumor displayed increased ly
was not different between pregnant and nonpregnant mice. Right: Lymphati
and nonpregnant mice using computerized automated morphometric analysi
gestation (*P � 0.012).

Table 2. Vascular Lymphatic Morphometry in Melanomas from
Women

Variable
Pregnant
(n � 14)

Nonpregnant
(n � 26)

P
value

Age (years) (CI 95%) 31 (27–36) 31 (24–37) 0.75
Breslow index, mm

(No. of patients)
�1.5 9 19 NA
�1.5 5 7 NA
Mean 1.4 1.3 0.74

Lymphatic vascular
area (%)

Intratumoral 3.9 1.5 0.034
Peritumoral 1.8 1 0.10

Lymphatic vascular
density (NBR/mm2)

Intratumoral 117 55 0.02
Peritumoral 31 19 0.09

Data are given as the mean unless otherwise indicated. Statistical

analyses were performed using the Student’s t-test.

NBR, number of vessels.
Expression of VEGF-A and PlGF, but Not VEGF-C,
Is Increased in Tumors during Gestation

Finally, we examined the expression of candidate mol-
ecules important in angiogenesis and lymphangiogen-
esis in tumors during and outside gestation. A total of
28 pregnant and 23 nonpregnant mice from two inde-
pendent experiments were assayed. Real-time quanti-
tative amplification of cDNA sequences reported to
�-actin showed a significant increase in RNA expres-
sion of VEGF-A, VEGF-B, PlGF, Neuropilin1, VEGF re-
ceptor (VEGFR) 2, and VEGFR1 (Figure 6). The expres-
sion of VEGF-A RNA was an average of four times
higher during gestation (P � 0.01). The levels of
VEGF-C and VEGFR3, classically implicated in lymph-
angiogenesis, were not increased in tumors during
pregnancy. Similar results were observed when cyclo-
philin was used as a housekeeping gene (data not
shown).

We then evaluated tumor lysates for the levels of
VEGF-A, VEGF-C, and PlGF proteins. By using an en-
zyme-linked immunosorbent assay, tumors from preg-
nant mice displayed significantly higher levels of
VEGF-A compared with those from nonpregnant coun-
terparts (n � 20 per group). However, PlGF and, as
expected, VEGF-C levels were not different between
both groups (Figure 6). This pattern of expression of
VEGF-A and PlGF, but not VEGF-C, could be reproduced
in vitro by culturing B16 cells in the presence of pregnant
mouse serum (see Supplemental Figure S3 at http://ajp.

iogenesis during pregnancy. Left: The tumor volume (in cubic millimeters)
ood vessel angiogenesis was also evaluated on tumor sections from pregnant
tal lymphatic vessel relative surface area within tumors was increased during
mphang
c and bl
amjpathol.org).
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Discussion

The relationships of pregnancy and melanoma have
been debatable for many years. In the present study, we
directly assessed the influence of gestation on mela-
noma. We demonstrated that, during gestation, melano-
mas grew more rapidly and had increased metastasis
and mortality in a model of tumor metastasis. Such be-
havior could be linked to stimulated lymphangiogenesis
during gestation, as observed in two mouse models and
in a human case-control series.

Once primary melanoma develops, the critical step
that influences the natural history of the disease is lym-
phatic metastasis. Accordingly, lymph node invasion, as
determined by a positive sentinel lymph node biopsy
result, is a major determinant for the prognosis of mela-

Figure 5. Tumor lymphatic vessel area is increased in human melanomas
CD34� for blood vessels and D2-40 for lymphatic vessels. By using automated
size of vessels, and ratio of relative area occupied by vessels. Results are ex
noma.20 In addition, several studies have demonstrated
that the development of macroscopic21,22 or microsco-
pic23–25 lymph node invasion was dependent on the level
of lymphangiogenesis at the site of the primary tumor. In
agreement, increased lymphangiogenesis was the best
independent predictive factor for sentinel lymph node
invasion in cohort analyses, with a hazard ratio of 5.5.25

Tumor lymphangiogenesis has also been an important
prognostic factor in melanoma, independently of the
Breslow index.26 Finally, primary tumors induce new lym-
phatic vessel growth in draining lymph nodes before
metastasis as a potential way to facilitate tumor spread.21

Evaluation of blood vessel angiogenesis was performed
with a single CD31 marker and could have been modified
by CD31� lymphatic vessels. Overall, our data did not
support an increase in blood vessel angiogenesis be-
cause this was not observed in the S91 model or the

pregnancy. Quantitative analyses were performed after immunostaining of
ometric analyses, the following parameters were compared: vascular density,
as mean � SE. The Student’s t-test was used. *P � 0.05, **P � 0.01.
during
human samples.
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Altogether, these data indicate the role of lymphan-
giogenesis in the metastatic spread of melanoma.
Herein, in two independent mouse models, we demon-
strated an increase in lymphangiogenesis in tumors
during pregnancy compared with controls (not preg-
nant). S91 is a slow-growing cell line with limited met-
astatic potential. Therefore, it was not evaluated for
progression, survival, and metastasis.19 B16 is a mu-
rine melanoma cell line largely studied as a valid tool
for the evaluation of lymph node invasion. Indeed, the
incidence of regional lymph node metastases corre-
lates with increasing primary tumor size.27 The B16
cells attach to lymph node reticular fibers through �1
integrin receptor complexes,28 and there are undetect-
able proliferating (occult) or nonproliferating (dormant)
micrometastases, as in human disease.29 Therefore, al-
though B16 differs from human primary tumor develop-
ment in the epidermis, well reproduced in BRAF, PINK4,
or PTEN genetically modified animals,30 it mimics well the
metastatic course of the human disease. Indeed, the
abnormalities in lymphangiogenesis that we found in
B16-injected mice were reproduced in patients, strength-
ening its validity as a model for this critical step. The
lymphatic vessel number and relative area were twice as
high in women affected with melanoma during pregnancy
compared with nonpregnant controls matched for age,
Breslow index, and ulceration status. We do not have any

Figure 6. The B16 murine melanomas during gestation express higher levels
of VEGF-A. A: Real-time quantitative RT-PCR evaluation of angiogenic factors
expressed by tumors from pregnant and nonpregnant mice. Results were
combined from two independent experiments. Comparisons reached signif-
icance for VEGF-A (P � 0.001) and VEGF-B (P � 0.02), VEGFR1 (P � 0.02)
and VEGFR2 (P � 0.006), Neuropilin1 (P � 0.04), and PlGF (P � 0.03) using
the Student’s t-test. G, gestant; NG, non gestant; NRP, neuropilin. B: Evalu-
ation of VEGF-A and PlGF protein expression levels in tumors from pregnant
and nonpregnant mice using an enzyme-linked immunosorbent assay. After
protein extraction from tumor samples, total protein levels were quantified.
Results are expressed as quantity of VEGF-A or PlGF reported to total
proteins within the sample. Each dot represents an individual mouse. The
difference between pregnant and nonpregnant groups was significant for
VEGF-A (P � 0.04).
indication about the functionality of these lymphatic ves-
sels because many of these newly formed vessels may
not contribute to lymphatic flow.31 However, these find-
ings corroborate our observations in mice, suggesting
that, with an equal Breslow index, pregnant women are at
increased risk of melanoma lymphatic spread. Interest-
ingly, in both models, lymphatic vessel angiogenesis
was increased within the tumor, although blood vessel
angiogenesis was increased in the periphery of the
tumor. These exact similarities further suggest a com-
mon underlying mechanism.

Our results exclude a role for circulating levels of angio-
genic factors during pregnancy in promoting increased
lymphangiogenesis because this observation was specific
to skin tumors and did not occur on normal or inflamed skin.
The expression of angiogenic factors, such as VEGF-C or
VEGF-D, by tumor cells has played a key role in the devel-
opment of lymphatic vessels through VEGFR3 bind-
ing.25,32,33 Vascular endothelial growth factor A and PlGF
have also previously promoted lymphangiogenesis. In
transgenic animals overexpressing VEGF-A or PlGF in
the skin, increased vessel formation, including lymphat-
ics, occurred within normal or inflammatory skin and tu-
mors.21,34 In the latter, this resulted in an increased rate
of metastases. Finally, proliferation of lymphatic endothe-
lial cells was triggered by VEGF-A through the activity of
endothelial-specific molecule 1.35 However, evaluation of
blood vessel angiogenesis was performed with a single
CD31 marker and could have been modified by CD31�

lymphatic vessels.
Early studies reported the influence of pregnancy on

melanoma dissemination. Indeed, the disease-free inter-
val from 58 women with melanoma during pregnancy was
shorter when compared with 2938 matched controls.8

Slingluff et al36 found an increased incidence of lymph
node metastases and a significantly shorter disease-free
interval in pregnant patients compared with controls, de-
spite accounting for the Breslow index in multivariate
analysis. Again, in a recent cohort study, Stensheim et al5

reported a significant increase of cause-specific death in
patients diagnosed as having melanoma during gesta-
tion. Other large studies9–11 demonstrated that preg-
nancy did not modify the course of melanoma. However,
most patients included had thin stage I and II melanomas
only. The animal experiments conducted in our study
mimic later stages of melanoma. Therefore, our current
results do not contradict the previously described stud-
ies. Finally, in several well-conducted cohort studies,10,11

the Breslow index was higher in melanomas that oc-
curred during gestation. The proposed explanation for
this finding was that women sought advice later during
pregnancy for lesions suggestive of melanoma. An alter-
native explanation to the increase in melanoma thickness
brought by our results would be a role of pregnancy
through enhanced angiogenesis.

In conclusion, we show that, in a classic animal model
of spread and metastasis, melanomas during gestation
grow faster, invade lymph nodes more frequently, and
result in reduced survival. This appears to relate to en-
hanced lymphangiogenesis during gestation. More im-
portant, we confirmed these findings in a clinical setting,

suggesting to be cautious in melanomas during gesta-
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tion. Further studies are needed to definitely identify the
implicated factors that drive this increased lymphangio-
genesis during pregnancy.
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